The foodborne pathogen Escherichia coli O157:H7 is commonly exposed to 27 organic acid in processed and preserved foods, allowing adaptation and the 28 development of tolerance to pH levels otherwise lethal. Since little is known 29 about the molecular basis of adaptation of E. coli to organic acids, we studied K-30 12 MG1655 and O157:H7 Sakai during exposure to acetic-, lactic-, and 31 hydrochloric acid at pH 5.5. This is the first analysis of the pH-dependent 32 transcriptomic response of stationary phase E. coli. Thirty-four genes and three 33 intergenic regions were upregulated by both strains during exposure to all acids. 34
either 1, 2, 3, 4, 5, or 6 h. In total, for each strain, 18 combinations of adaptation pH 125 and incubation time were tested. The level of resistance afforded during adaptation 126 under each of the 18 conditions was assessed using an acid survival assay, and 127 compared to that of an acid-shocked overnight culture, and to each other. The method 128 of the acid survival assay was as follows; after the required incubation time cells were 129 resuspended to yield viable counts of approximately 2 x 10 8 cfu/ml in 100 ml of fresh 130 BHI buffered with 50mM MES and acidified to a pH of 3.5±0.1 with the appropriate 131 test acidulant at 37°C. Cultures were challenged at pH 3.5 as this mimics a typical pH 132 level for low-pH food environments. At intervals throughout incubation samples were 133 removed, and the number of viable bacteria determined by spread plating serial 134 dilutions onto tryptone soya agar (TSA; Oxoid) supplemented with 0.2% (w/v) yeast 135 extract and 0.2% (w/v) glucose (TYSG). Plates were incubated at 37°C for 24 h 136 before enumeration. All experiments were performed in triplicate from a separate 137 overnight culture. Data at each time point were analysed in Minitab (Minitab 15; 138 Minitab Inc., Minneapolis, MN) using one-way analysis of variance (ANOVA) and a 139 post hoc Tukey test. A value of P < 0.05 was assumed as the significance level. For 140 both strains the conditions required to afford maximum protection against all acids 141 was incubation at pH 5.5 for 3 h and 2 h for K-12 and O157:H7, respectively (results 142 not shown). The final concentration of acids required to adjust cultures of E. coli to 143 pH 5.5 were 0.03 M acetic-, 0.03 M D,L-lactic-, and 0.02 M hydrochloric acid. 144
145
RNA isolation and processing A 10 ml sample was removed from an overnight culture 146 (18 h) to represent the reference condition. After incubation at pH 5.5 for the time 147 required to maximally induce the ATR with the test acid, a further 10 ml sample was 148 removed from the same culture. One-fifth of the culture volume of ice-cold phenol-149 on September 23, 2017 by guest http://aem.asm.org/ Downloaded from ethanol solution (5:95) was added to the culture to stabilise the RNA and prevent 150 degradation. The culture was immediately transferred to ice prior to RNA extraction. 151 RNA samples were prepared using a Promega SV total RNA purification kit. RNA 152 concentration was determined using a NanoPhotometer (Implen Pty). RNA quality 153 was determined by 16S and 23S rRNA peak examination by the Bioanalyzer 2100 154 (Agilent, Santa Clara, CA) using an RNA nano chip. cDNA synthesis, labelling, and 155 hydridization to GeneChip® E. coli Genome 2.0 Arrays (Affymetrix, Santa Clara, 156 CA) was performed by CSIRO Molecular and Health Technologies (Sydney, 157 Australia) . 158
159
Microarray data analysis The Affy package (47) of the Bioconductor software (29) 160 was used to process raw CEL files using the robust multiarray average algorithm 161 (RMA) (48) for normalization, background correction, and expression value 162 calculation. Expression levels obtained from four independent biological replicates of 163 every condition were compared using the Limma package (77) of the Bioconductor 164 software. Elements with expression levels ≥ two-fold higher or lower than the 165 reference at a statistical significance (P-value adjustment with Benjamini and 166
Hochberg with an adjusted P value ≤ 0.01, Average Expression (A value) ≥ 2, Log-167 odds (B value) ≥ 0) were selected. However, it should be noted that less than two-168 fold changes can also be biologically significant (44, 45) . A P-value ≤ 0.01was 169 considered significant, which corresponds to a false positive rate of 1 in 100 genes. 170
Those genes and intergenic regions passing an even stricter P value cut-off of P ≤ 171 0.001 are highlighted in Table S1 of the Supplemental Material. Functional grouping 172 of genes was made according to the data from NCBI 173 7 (http://www.ncbi.nlm.nih.gov/COG/). Analysis of the differentially expressed 174 intergenic regions was conducted using sRNAMap (42) . 175 176 All genes identified as differentially transcribed are presented in Table S1 of The 16S rRNA gene rrsA was also included for normalization within samples. 184
Forward and reverse PCR primers for gadE were designed using Primer3 software 185 (http://primer3.sourceforge.net/) and primer sets for oxyS (19) , rpoH (16), znuA (53), 186
and rrsA (55) were from previously published papers (see Table S2 of the 187 Supplemental Material). cDNA was produced from the RNA of three biological 188
replicates used for microarray analysis by reverse transcription of 1 µg of purified 189 total RNA using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). dilutions of the template cDNA were made from 10 -3 to 10 -5 for use in qRT-PCR 191 reactions. qRT-PCR reaction mixes contained a total volume of 25 µl consisting of 192 12.5 µl IQ SYBR green supermix (Bio-Rad), 2 µl diluted cDNA, 0.5 µl each of 193 forward and reverse primer (25 µM stock), and 9.5 µl nuclease-free water (Ambion, 194 Austin, TX). Real-time PCR was performed on the iCycler iQ5 multicolor real-time 195 PCR detection system (Bio-Rad) under the following reaction conditions: 95°C for 3 196 min, 45 cycles consisting of 95°C for 10 s, and 60°C for 30 s, and 72°C for 30 s. determined. This involved incubation at pH 5.5 for 3 h (K-12) and for 2 h (O157:H7) 230 (Figure 1 ), and generated acid adapted cultures more resistant to acid challenge at pH 231 3.5 than bacteria that had been grown at neutral pH prior to acid-shock ( Figure 1 ). The 232 acid-sensitivity of the two strains was compared under these conditions. E. coli K-12 233 showed the greatest resistance to lactic and hydrochloric acid, while O157:H7 was 234 most resistant to acetic acid. comparison to the reference (unadapted) culture is shown in Figure 2 . 253 254 Surprisingly, the acid adapted stationary phase cultures did not show significant 255 upregulation of acid fitness island (AFI) genes in K-12 or O157:H7. Similarly, of the 256 four known acid resistance systems of E. coli (25), we only observed upregulation of 257 the lysine-dependent acid resistance system (cadB) during exposure of O157:H7 to 258
HCl. 259 260
Under the conditions employed in this study we identified a characteristic gene 261 expression signature of both K-12 and O157:H7 during induction of the A-ATR, L-262 ATR, and H-ATR. Thirty-four genes were upregulated, including 10 FUN genes (of 263 unknown function; (41)), the small RNA oxyS, and two intergenic regions not 264 corresponding to known sRNAs (42) ( Table 2) . A number of genes that protect 265 against oxidative damage were upregulated, including katG, trxC, ahpF, grxA, and the 266 small regulatory RNA oxyS. The positive modulator of RpoE envelope stress response 267 sigma factor activity (rseC), and a poorly-defined regulator of the envelope stress 268 response (ydcQ), were upregulated, consistent with previous reports that showed acid 269 induction of RpoE (36). Acidic pH also enhanced the expression of genes involved in 270 iron (exbD, fepD, ydiE, hemF) respiration. In the present study frdB is universally downregulated by both strains, as 280 are other members of the operon during induction of the A-ATR, L-ATR, and/or H-281 ATR (see Table S1 of the Supplemental Material). Previous studies have also reported 282 a downregulation of genes at low pH encoding components of fumarate reductase 283 acid response elicited by both strains during exposure to all acids, an acidulant 294 specific response was observed. An additional 62 genes and intergenic regions were 295 upregulated by both strains during induction of the H-ATR (Table 2) . Genes involved 296 in functions previously described as part of the universal acid response were 297 upregulated, including genes involved in oxidative stress resistance (soxR, nrdH, 298 on September 23, 2017 by guest http://aem.asm.org/ Downloaded from iscR), maintenance of the integrity of the cell membrane (yciM), and iron uptake and 299 acquisition (tonB, efeU, hemA) . We also observed increased expression of genes 300 involved in zinc uptake (znuB), multidrug efflux (mdlA, mdlB), DNA damage repair 301 (ruvA, recF), and encoding protein chaperones (hscB, iscS, iscU, iscA, gntY/yhgI) . 302
Both strains also upregulated the housekeeping sigma factor (rpoD) and the RpoE 303 negative regulator, rseB. 304
305
The responses of E. coli K-12 and O157:H7 to lactic and hydrochloric acid show 306 a high degree of overlap. The L-ATR and H-ATR of O157:H7 showed some 307 similarities, and this overlap was also observed for K-12 ( Figure 3 ). An additional 73 308 genes and intergenic regions were upregulated during exposure of both strains to 309 lactic acid and of these 53% (39/73) were also upregulated during adaptation of both 310 strains to HCl (Table 2) . Amongst those genes commonly upregulated during 311 induction of the L-ATR and H-ATR were those involved in the universal acid 312 response, including oxidative stress resistance, iron uptake and acquisition, multidrug 313 efflux, DNA damage repair, encoding protein chaperones, and sigma factors and their 314 regulators (rpoD, rseB) . Genes upregulated during induction of the L-ATR and not 315 the H-ATR included those involved in similar physiological functions, such as iron 316 acquisition and utilization (fhuA, fhuF, hemH), multidrug resistance (marR, 317 macB/ybjZ), and DNA damage repair (xseA, yebG) . A number of genes that were 318 uniquely expressed during induction of the L-ATR are known to be induced at low 319 pH. These include zntR, the activator of zinc export (52), the predicted permease bcsE 320 (52, 61), and the predicted DNA-binding transcriptional regulator yieP (36). We also 321 observed upregulation of aaeA and nlpE which are involved in aromatic carboxylic 322 acid efflux and protection of the outer membrane respectively. of six genes and three intergenic regions, including genes involved in multidrug-332 (yojI) and aromatic carboxylic acid-efflux (aaeA) ( Table 2) . 333 334 Strain-specific responses to acetic-, lactic-, and hydrochloric acid stress. 335
In addition to the 37 genes and intergenic regions upregulated by both strains during 336 exposure to all acids that defined the universal acid response, a strain-specific 337 response was observed with a further 50 and 99 genes and intergenic regions 338 upregulated by K-12 (87 total) and O157:H7 (136 total), respectively ( Figure 2 ). 339
Importantly, most of the acid-regulated genes belong to the same functional categories 340 as the universal acid response (see Table S1 of the Supplemental Material). The 341 transcriptomic data indicate that both strains experience oxidative stress during 342 exposure to the three acids. The acid-induced oxidative stress generated a strain 343 specific response with O157:H7 increasing transcript levels of a number of genes not 344 upregulated by K-12 (gor, yhjA, ahpC, nrdH, trxB) . Similarly, we observe a strain-345 specific response in the upregulation of genes involved in DNA damage repair and 346 protein misfolding in K-12 (pphB) and O157:H7 (xseA, ECs1953, ydjQ, xthA, degP, 347 ibpB Eighteen of the elements that were uniquely upregulated by K-12 are termed K-12-352 specific as they were absent from the O157:H7 genome, and include genes involved 353 in iron uptake and homeostasis (fecI, ryhB), DNA damage repair (cho), and encoding 354 predicted and hypothetical proteins (ybbC, ybfB, yfcO, yfjL, ymgD) . Seventeen of the 355 elements uniquely upregulated by O157:H7 are defined as O157:H7-unique, and are 356 absent from the K-12 genome, and include genes involved in protection against 357 oxidative damage (ECs1120), iron transport and metabolism (ECs3917, ECs4380), 358 DNA damage repair (ECs2447, ECs5242), and FUN genes (ECs0239, ECs0549, 359 ECs1067, ECs1068, ECs1317, ECs1815). In total O157:H7 upregulated 30 FUN 360 genes, some of which have previously been reported to be upregulated at low pH. 361
These include yejG (61), yebF (84, 87), yheO (36, 61), and yhcN which has been 362 reported to be one of the most strongly induced genes at acidic pH (52, 61). However, 363 the majority have not previously been associated with acid conditions. 364
365
The E. coli O157:H7-specific H-ATR involved upregulation of RpoH-and RpoE-366 dependent stress response genes and virulence genes. In addition to the universal 367 acid response elicited by both strains during induction of the H-ATR, a strain-specific 368 response was observed (see Table S1 of the Supplemental Material). The O157:H7-369 specific H-ATR included upregulation of genes encoding the heat shock sigma factor 370 (rpoH) and the extracytoplasmic stress response sigma factor (rpoE) which responds 371 to the effects of heat shock and other stresses that impact upon membrane and 372 periplasmic proteins. Transcript levels increased for 35 genes belonging to the RpoH 373 on September 23, 2017 by guest http://aem.asm.org/ Downloaded from regulon (64) and 10 genes belonging to the RpoE regulon (20, 71) . In addition, genes 374 involved in functions in line with those of the heat shock and extracytoplasmic stress 375 responses were upregulated including those involved in the maintainenance of cell 376 envelope integrity (tolQ, tolR), DNA damage repair (uvrA, uvrB, uvrC, uvrY, ruvB, 377 mfd) , and protein turnover and encoding chaperones (msrB/yeaA, grpE, ybbN, ybiY, 378 hslO, clpS, clpA) . Interestingly, HCl-adapted cultures of O157:H7 also survived heat 379 shock challenge at 50°C better than K-12 HCl-adapted cultures (Figure 4) . 380 381 The O157:H7-specific response also involved upregulation of the expression of genes 382 involved in the lysine-dependent acid resistance system 4 (cadB), oxidative stress 383 resistance (soxS), osmoregulation (proP, proB), and multidrug efflux (amiD/ybjR, 384 macB/ybjZ, marR, marA, marB, mdtH/yceL, mdlB) . Adaptation of O157:H7 to HCl 385 resulted in increased transcript levels of 55 O157:H7-unique genes, including a 386 number of virulence genes including those associated with shiga toxin production 387 (stx1A), hemolysin expression (hha), and O-antigen production (wzy). 388
389
The O157:H7-specific H-ATR also involved upregulation of a number of genes 390 encoding predicted and putative regulatory proteins (ECs1087, ECs1069, ECs1556, 391 ydhB, ycfQ, ydfH, ECs1941, feoC/yhgG, yggD, ychA, ybaQ, yfeR, ECs4598) . Strain 392 differences were observed in transcript levels of major regulators of metabolism. E. 
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Comparison of the O157:H7-specific response to hydrochloric and lactic acid. E. 399 coli K-12 and O157:H7 also displayed a strain-specific response to lactic acid (see 400 Table S1 of the Supplemental Material). The strain-specific L-ATR of O157:H7 401 involved the upregulation of 79% (249/317) of those genes and intergenic regions 402 upregulated during induction of the H-ATR (Figure 2 ). In keeping with the trend 403 observed in the transcriptomic response of O157:H7 to hydrochloric acid, we 404 observed upregulation of the rpoH encoded heat shock response sigma factor, genes 405 involved in oxidative stress resistance, osmoregulation, multidrug efflux, the 406 maintenance of cell envelope integrity, major regulators of metabolism, DNA damage 407 repair and protein turnover, encoding chaperones, and involved in shiga toxin 408 production. Of those O157:H7-unique genes which were upregulated during induction 409 of the L-ATR, 59% (23/39) were also upregulated during induction of the H-ATR. 410
Fifty-one genes and intergenic regions were uniquely upregulated by O157:H7 during 411 induction of the L-ATR (see Table S1 of the Supplemental Material). Genes involved 412 in functions distinct from those of the H-ATR, included those encoding predicted 413 diguanylate cyclases (yneF, yeaJ) and components of two independent glutathione-414 regulated potassium efflux systems (kefB, kefG) which play a role in protecting the 415 cell from electrophile toxicity. The extent of overlap in the strain-specific gene 416 expression response of K-12 to HCl and lactic acid was not quite as marked as that for 417 O157:H7, with 45% (76/168) of those genes and intergenic regions upregulated 418 during induction of the H-ATR also upregulated in the L-ATR. Surprisingly the K-12-419 specific L-ATR included upregulation of the transcriptional repressor of the GAD 420 system (gadW) and the downregulation of two genes under its regulation (gadA, 421 gadB). 422
The E. coli K-12-specific A-ATR involved decreased expression of genes involved 424 in nucleotide transport and metabolism, translation, energy production, and 425 stress protection. The number of genes and intergenic regions downregulated by K-426 12 during induction of the A-ATR was greater than double that downregulated by 427 O157:H7 (Figure 2 ; see Table S1 of the Supplemental Material). In comparison to 428 O157:H7, the A-ATR of K-12 included the downregulation of a large percentage of 429 genes involved in nucleotide transport and metabolism, translation, and energy 430 production ( Figure 5 ). Interestingly, K-12 downregulated a number of genes within 431 the AFI (slp, hdeB, hdeA, gadE, mdtE, gadA) . However, a K-12 gadE mutant was 432 observed to be more sensitive than the wild type during acetic acid challenge at pH 433 3.5 (results not shown) indicating that gene products of the AFI are required under 434 these conditions. 435 436 E. coli K-12 also downregulated genes involved in conferring protection against 437 oxidative stress (katE, sodB, sodC, soxS, pqiB), osmotic stress (osmE), DNA damage 438 (dps), encoding global stress response regulators (rpoS, uspA), protein chaperones 439 (groS, groL, skp/hlpA, cbpA, hchA/yedU) , and multidrug efflux proteins (mdtE). by lpxP has been suggested to confer a selective advantage by making the outer 510 membrane a more effective barrier to harmful chemicals (81). However, further 511 studies are required to determine the biological significance of this finding, as the 512 activity of these elements may be regulated at several levels. For example, cspA 513 mRNA rapidly degrades at temperatures greater than 30°C (33). Another universal 514 response of K-12 and O157:H7 to acid stress was the enhanced expression of 515 multidrug transporters which have previously been reported to be acid-inducible in E. 516 coli (36). It is now understood that these efflux pumps play a role in physiological 517 functions apart from drug efflux (67). Indeed, a multidrug resistance transporter 518 confers extreme alkaline pH resistance to E. coli (57), and multidrug transporters 519 could play a role in acid stress resistance (36). Interestingly, certain drug efflux pumps 520 ATR. This suggests that drug efflux pumps with certain substrate specificities were 526 upregulated, and did not simply reflect a general response to stress. 527
528
The universal acid response of K-12 and O157:H7 involved upregulation of a number 529 of genes involved in DNA damage repair and encoding protein chaperones, reflecting 530 the fact that DNA damage and protein misfolding can occur as a result of oxidative 531 and acid stress (27). It is possible that the link between acid and oxidative stress 532 observed in the transcriptomic response of both strains may contribute towards the 533 disparity in their acid resistance phenotypes. It has previously been reported that the 534 O157:H7 Sakai strain is significantly more sensitive than K-12 MG1655 to oxidative 535 stress (M. Goldberg, personal communication). A major part of the toxicity of 536 oxidative stress can be attributed to DNA and protein damage caused by generation of 537 OH radicals through the iron-mediated Fenton reaction (46). O157:H7 Sakai has been 538 shown to possess an intrinsically higher level of intracellular iron than K-12 MG1655 539 and it was hypothesised that this renders O157:H7 Sakai more sensitive to oxidative 540 stress due to the higher level of OH radicals generated via the Fenton reaction (M. 541
Goldberg, personal communication). 542 543
We have identified a number of interesting strain differences. However, when 544 considering the basis of strain variation in acid resistance we note that our 545 
558
During induction of the A-ATR, the K-12-specific response also involved 559 downregulation of genes involved in protection against acid stress, oxidative stress, 560 osmotic stress, DNA damage, encoding global stress response regulators, protein 561 chaperones, and multidrug efflux proteins. Further work is required to determine 562 whether these acetic acid-treated cultures are in a persister-type state and whether they 563 exhibit increased resistance to other environmental stresses. This general decrease in 564 gene expression also led to a decrease in expression of rpoS during induction of the 565
A-ATR (three-fold) and L-ATR (two-fold). RpoS is the master regulator of the 566
general stress response in E. coli and is believed to be the most important sigma factor 567 for adaptation to, and survival under, non-optimal conditions (37). However, the 568 osmoregulatory genes involved in proline accumulation, and a shiga toxin production 576 gene. This indicates that O157:H7 may possess a greater capacity than K-12 to 577 survive acidic environments in which low pH is associated with other environmental 578 stresses. Indeed, in this study we have demonstrated that HCl-adapted O157:H7 are 579 more resistant to heat shock challenge than HCl-adapted K-12. It has been suggested 580 that EHEC strains have greater acid resistance than other E. coli strains (6, 9, 13). 581
However, the present study and previous reports (8, 22) indicate that EHEC are no 582 more acid-resistant than generic E. coli. An intriguing possibility is that the enhanced 583 ability of this strain to survive acid stress during the food processing and host body 584 environment may reflect an ability to combat more complex acidic environments than 585 non-pathogenic E. coli. 586 587 Distinct differences were also noted between the strains in their mode of 588 osmoregulation. Trehalose is as an important osmoprotectant and stress protectant in 589 E. coli. Upregulation of the trehalose biosynthetic operon (otsBA) during exposure to 590
HCl at acidic pH has previously been described (52, 84). During acid exposure, 591 neither K-12 or O157:H7 upregulate the otsBA operon, probably because the operon is 592 already highly induced in stationary phase (39). Accumulation of the osmoprotectant 593 trehalose has been reported in Saccharomyces cerevisiae during exposure to organic 594 acid (18). Our data showed K12-specific increase in expression of the repressor ( each group that showed significant changes in expression in K-12 and O157:H7, after 37 adaptation for 3 and 2 hours respectively in BHI, acidified to pH 5.5 with acetic, lactic 38 or hydrochloric acid (see Table S1 56  57  58  59  60  61  62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95 Figure 1:  96  97  98  99  100  101  102   103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118  119  120  121  122  123  124  125  126  127  128  129  130  131  132  133 203  204  205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224  225  226  227  228  229 
